Summary. The effects of ablation of a dominant follicle and treatment with follicular fluid on circulating concentrations of follicle-stimulating hormone (FSH) 
Introduction
A wave of ovarian follicular growth in cattle involves the synchronous development of a group of follicles-a dominant follicle and several subordinates (Savio et al, 1988 ; Sirois & Fortune, 1988; Knopf et al, 1989 ). Transrectal ultrasonic imaging shows that most oestrous cycles have two or three follicular waves. For 2-wave oestrous cycles, the detectable emergence of successive waves occurred on Days 0 (day of ovulation) and 10, and for 3-wave cycles, emergence occurred on Days 0, 9 and 16 (Ginther et al, 1989c) . The follicle destined to ovulate was the dominant follicle of the second wave (2-wave cycles) or third wave (3-wave cycles). Within 3 or 4 days after emergence of a wave, subordinate follicles ceased to grow and the dominant anovulatory follicle of the previous wave began to regress (Ginther et al, 1989a) . Temporal relationships suggested that the growingphase dominant follicle caused regression of its subordinates and the previous dominant follicle and delayed the emergence of the next follicular wave.
Follicle-stimulating hormone (FSH) plays an important role in the control of follicular growth in cattle (reviewed by Ireland, 1987) , but the temporal relationship between surges in circulating FSH concentrations and the emergence of successive follicular waves has not been demonstrated.
Two surges in plasma FSH concentration during the bovine oestrous cycle have been reported; the first was coincident with the preovulatory surge in luteinizing hormone (LH) and the second commenced 18-24 h after the onset of the preovulatory LH surge (Dobson, 1978; Quirk & Fortune, 1986) . Insignificant fluctuations in FSH during the luteal phase have been reported (Akbar et al, 1974; Cheng, 1978; Bolt & Rollins, 1983; Findlay & Clarke, 1987) , but, after luteolysis, FSH concentrations decreased until the preovulatory surge (Roche & Ireland, 1981; Butler et al, 1983; Schallenberger et al, 1984 Schallenberger et al, , 1985 Quirk & Fortune, 1986 ). Increases at intervals of~4 days have also been reported (Schams & Schallenberger, 1976) .
There is increasing support for the concept that inhibitory and stimulatory ovarian factors modulate follicular development through the regulation of gonadotrophins and follicular respon¬ siveness to gonadotrophins (Ireland, 1987; Tonetta & deZerega, 1989) . Studies using follicle monitoring (Ginther et al, 1989c) , follicle cauterization (Matton et al, 1981) or unilateral ovary removal (Staigmiller & England, 1982) indicated that a single large follicle inhibits the development of other small follicles. It has been concluded that the inhibitory factor(s) produced by the dominant follicle suppresses other follicles through systemic endocrine channels rather than through intraovarian autocrine or paracrine channels; no intraovarian relationships between follicles were detected (Ginther et al, 1989b) . Bovine follicular fluid contains the glycoprotein inhibin (Robertson et al, 1985) , which selectively suppresses synthesis and secretion of FSH (reviewed in deKretser & Robertson, 1989) . In early studies (Miller et al, 1979) , intravenous administration of a proteinaceous fraction of bovine follicular fluid suppressed follicular activity and delayed oestrus in heifers. Subsequent studies supported these results and showed that follicular fluid suppressed concentration of FSH in plasma without altering plasma LH in ovari¬ ectomized (Ireland et al, 1983) and intact (Quirk & Fortune, 1986) heifers. One study, however, showed no significant suppression of circulating FSH after treatment with follicular fluid (Johnson & Smith, 1985) .
The plasma samples used in the present studies originated from two previously reported experiments. In one cauterizing the dominant follicle of wave 1 (first wave of the interovulatory interval) at Day 3 or Day 5 (Ko et al, 1991) , resulted in early emergence of wave 2 and supported the hypothesis that a dominant follicle, during its growing phase, suppresses the emergence of the next wave. The other study examined the effects of administration of a proteinaceous fraction of follicular fluid on Days 0-3, Days 3-6, or Days 6-11 (Kastelic et al, 1990) . Follicles (1,3.4,6- tetrachloro-3-alpha, 6-alpha-diphenylglycouril; Pierce Chemical Co., Rockford, IL, USA) as described (Matteri et ai, 1987 (Rodbard 8c Lewald, 1970) . The minimum detectable level of USDA-bFSH-B-1 was 1 ng/tube (5 ng/ml plasma). This detection limit and the peak and trough values of plasma FSH, were similar to those previously reported with the same immunoreagents (Turzillo & Fortune, 1990) . Between-and within-assay coefficients of variation were 9 and 5%, respectively (Rodbard, 1974) . Plasma samples from individual animals were analysed within a single assay. As reported earlier (Bolt & Rollins, 1983) (Ko et ai, 1991) . In the cautery groups, blood samples were taken once a day from I day before surgery to the day of post-treatment ovulation. In the sham groups, blood samples were taken daily throughout the interovulatory interval.
Experiment 2
Sixteen heifers were randomly assigned to the following four groups (n = 4 per group) as described (Kastelic et ai, 1990) : untreated controls and intravenous treatment with a proteinaceous fraction of bovine follicular fluid on Days 0-3, Days 3-6 and Days 6-11. The proteinaceous fraction of follicular fluid was injected intravenously at 12-h intervals. In the treated heifers, blood samples were collected immediately before administration of follicular fluid, starting on the day of treatment to the fourth day after treatment (i.e. Days 0-7, Days 3-10 and Days 6-15, respectively). In the controls, blood samples were taken daily from Day 0-Day 15.
Experiment 3
To characterize the temporal relationships between circulating FSH concentrations (surges) and follicular growth and regression (waves) during an interovulatory interval, data from control heifers in Expts 1 and 2 were used.
Statistical analyses
In Expts 1 and 2, the following end points were compared among groups by analyses of variance: the day of initial increase in FSH concentration prior to the emergence of each follicular wave, the day of maximum FSH concen¬ tration prior to each wave, and the intervals (days) between the end of treatment (day of cautery or last day of follicular fluid treatment) and the initial increase in FSH concentration and to the maximum FSH concentration.
Mean FSH concentrations for each treatment group were plotted against those of the respective control group. Splitplot analyses of variance were used to determine the main effects of day and group, and the day group interaction for changes in FSH concentration. Student's I tests were used to determine differences between control and treatment groups within days if a significant difference was detected in the overall analysis of variance. Post-treatment effect on FSH concentration was determined by split-plot analysis of variance starting on the day of cautery (Expt 1) or the last day of treatment with follicular fluid (Expt 2).
In Expt 3, heifers with two follicular waves during the interovulatory interval were compared with those that had three waves, by analyses of variance for the day of initial increase in FSH prior to wave 2 and day of maximum FSH concentrations prior to wave 2. Follicle data were normalized to the mean day of detection of the dominant follicle (follicle diameter 4-5 mm) as described (Ginther et ai, 1989c) ; FSH data for each heifer were normalized by using the follicle data for the corresponding day. Split-plot analyses of variance were performed on follicle data to determine differences between the two control groups in Expt 1 and subsequently to determine main effects of day and exper¬ iment, and day experiment interaction in control heifers from Expts 1 and 2. When no differences between control groups and between experiments were detected, follicle data and FSH data were combined to illustrate composite means over the interovulatory interval. Differences in FSH concentrations among days were compared by the method of least-significant difference within 2-wave and 3-wave cycles if overall analyses of variance indicated a day effect.
Results

Experiment 1
Within each end point, differences among groups in responses in FSH concentration to cautery of the dominant follicle of wave 1 were detected only for wave 2 (first post-treatment wave; Table   1 ). The (Fig. 2) . There was no difference between groups subjected to cautery on Day 3 or Day 5 in the intervals from cauterization to (i) initial increase in FSH concentration (11 ± 01 days average over both groups), (ii) maximum FSH concentration (20 ± 0-2 days) and (iii) emergence of a post-treatment follicular wave (2-3 + 0-2 days; Table 1 ).
Experiment 2
Within each end point, differences among groups treated with a proteinaceous fraction of follicular fluid were detected only for wave 2 ( Table 2 ). The initial increase in FSH concentrations and maximum FSH concentrations occurred earliest in heifers treated on Days 0-3, intermediate in control heifers and those treated on Days 3-6, and latest in heifers treated on Days 6-11 (P < 005). Only the initial rise in FSH was delayed ( < 005) in heifers treated on Days 3-6 compared with control heifers. Mean FSH concentrations, the reported day of emergence of follicular wave 2, and the results of statistical analyses are shown for the period starting on the day of treatment to 5 days after treatment (Fig. 3) . Mean FSH concentrations averaged over days were lower (P < 005) in the treatment groups during the period of treatment compared with the respective periods in the control groups (Days 0-3, 6-5 ± 0-3 ng/ml vs. 9-9 ± 0-6 ng/ml; Days 3-6, 8-2 ± 0-4 ng/ml vs. 9-3 ± 0-4 ng/ml; Days 6-11, 61 ± 0-3ng/mlvs. 100 ± 0-5 ng/ml for treated vs. control heifers, respectively). There was no difference among treatment groups in the effect of follicular fluid on FSH concentration and therefore data were combined (Fig. 4) . There was no difference among treatment groups in mean interval from (i) the end of treatment to initial increase in FSH concentration (11 ±01 days averaged over the three groups), (ii) maximum FSH concentration (2-2 ± 0-2 days) and (iii) the emergence of a follicular wave (3-2 + 0-3 days; Table 2 ). 
Experiment 3
The proportions of heifers with two and three follicular waves during the interovulatory interval and day of emergence and diameters of the dominant follicle of each wave were not different between control groups of Expt 1 (Ko et al, 1991) and Expt 2 (Kastelic et al, 1990 ) and data were combined ( 2-5 ± 0-6 (4) 3-8 ± 0-5 (4) 3-3 ± 0-3 (4) (Quirk & Fortune, 1986 ). The results of Expt 2 suggested that the effects of exogenous follicular fluid on follicular development were mediated, in whole or in part, by altering plasma FSH concentrations. Treatment suppressed circulating FSH concen¬ trations for the duration of treatment, regardless of the time of treatment. Cessation of treatment was followed by a surge in FSH beginning, on average, 1 day and peaking 2 days, after the end of treatment, regardless of the time of treatment. For wave 2 of the controls and the treated heifers (first post-treatment follicular wave), the start of the FSH surge occurred, on average, 2 days before the detectable emergence of the wave. The FSH surge prior to the follicular wave in the treatment groups occurred 2 days earlier (treatment on Days 0-3), 1 day later (treatment on Days 3-6) and 6 days later (treatment on Days 6-11) than in the control groups.
Preliminary analysis of the FSH profile during an interovulatory interval in control heifers (Expt 3) without regard to the number of follicular waves per heifer per cycle indicated that, on average, two surges ( < 005) occurred: one around the time of ovulation and the second during the midluteal phase. However, when heifers were separated according to two vs. three follicular waves during the interovulatory interval, 2-wave heifers had two significant surges in FSH and 3-wave heifers had three apparent surges. These results demonstrated that combining all heifers into one group masked a third surge of FSH in 3-wave heifers, similar to what occurs when follicular waves are studied without partitioning heifers according to number of waves (Ginther et al, 1989a) . Despite FSH changes of similar magnitude in 3-wave heifers and 2-wave heifers, the apparent surges did not reach significance for 3-wave heifers. The standard error was greater in the 3-wave group, probably as a result of there being few heifers. The data were analysed retrospec¬ tively to test for a difference in FSH concentration between 2-wave vs. 3-wave heifers from Day 10 to Day 20 (Fig. 5) . There was a significant day wave interaction (P < 003) attributable to (11) 9-6 ±0-4(11)" 0-4 ±0-4 (5) 8-2 ± 0-2 (5)b 160 ±0-6(5) 7-6 ±0-4 (11)" 5-9 ±0-6(5)" 13-9 ±0-7 (5) 8-9 ± 0-4(11)" 7-8±0-2 (5) (Dobson, 1978; Quirk & Fortune, 1986) , whereas others reported only a primary surge (Akbar et al, 1974) . The present study did not entail frequent sampling and did not encompass the entire periovulatory period for either the first or second ovulation of the interovulatory interval; therefore, double periovulatory peaks may have been missed.
Results of a recent study (Turzillo & Fortune, 1990) using treatment with follicular fluid indicated that treatment during oestrus suppressed the latter part of the periovulatory FSH surge (apparent secondary surge), which resulted in delayed emergence of wave 1. Delaying the emergence of wave 1 (Turzillo & Fortune, 1990) or wave 2 (Kastelic et al, 1990) by treatment with follicular fluid resulted in a greater proportion of heifers with 2-rather than 3-wave interovulatory intervals. Conversely, the proportion of heifers with more than two waves was greater (P < 005) than in controls, when the onset of wave 2 was hastened by follicle cautery (Ko et al, 1991) or treatment with follicular fluid (Kastelic et al, 1990) .
The luteal-phase surges in circulating FSH detected in the present study were coincident with the static phases of anovulatory dominant follicles in both 2-wave and 3-wave interovulatory intervals (Fig. 5) . Consequently, in examining the data from control heifers alone (Expt 3), it was not apparent whether the FSH surges were functionally associated with the follicular waves during which the FSH surges occurred or with the following follicular wave. The results of Expts 1 and 2, however, documented the temporal sequence between surges in FSH and the emergence of follicular waves; a surge in FSH necessarily preceded the emergence of a wave. The timing of FSH surges prior to the emergence of each wave was similar for treated (Expts 1 and 2) and control (Expt 3) heifers. On average, the FSH surge began and peaked 2 days and 1 day, respectively, before the ultrasonically detectable emergence of a follicular wave. In addition, the results indicated that the FSH surge was not functionally involved with the growth profile of the anovulatory dominant follicle with which it was temporally coincident. Suppression of the FSH surge by treat¬ ment with follicular fluid on Days 6-11 (coincident with the static phase of the dominant follicle of wave 1) had no effect on the diameter profile of the coincident dominant follicle.
Results did not support the concept, derived from temporal relationships (Ginther et al, 1989c) , that the emergence of a wave is responsible for the demise of the dominant follicle of the previous wave. Growing follicles stopped growing and started to regress 1 day and 5 days, respectively, after the start of treatment with follicular fluid, but the demise of static-phase or regressing follicles was not hastened (Kastelic et al, 1990 ). Suppression of FSH by follicular fluid could account for the suppression of growing follicles. Apparently the static phase of the dominant follicle became incapable of suppressing FSH and, thereby, allowed FSH to surge. The surge was closely followed by the recruitment of follicles of the next wave. The decline in FSH was rapid and began at the time of, or shortly after, the emergence of the follicular wave. The long-loop feedback system between the ovarian follicles and the pituitary gland may be extremely sensitive, resulting in suppression of FSH shortly (1-2 days) after detection of a follicular wave. On the other hand, the surge in plasma FSH may cause a temporary depletion of FSH in the pituitary, resulting in a rapid decline in plasma concentrations, which are subsequently maintained at low levels by factors (e.g. inhibin; Findlay & Clarke, 1987) produced by the dominant follicle. In the face of basal concen¬ trations of plasma FSH, subordinate follicles regressed, but the dominant follicle continued to grow. This result is consistent with the hypothesis that the dominant follicle is less dependent on FSH, or is more sensitive to available concentrations of FSH through increased induction of FSH receptors (Ireland, 1987; Ireland & Roche, 1987) . The latter is more consistent with present results; the growth of the dominant follicle was inhibited (Kastelic et al, 1990) by suppression of FSH (below basal concentrations; Fig. 3 ) by follicular fluid.
The time of selection of the dominant follicle of a wave (defined as the time of divergence in growth profiles of subordinate vs. dominant follicles) first became manifest retrospectively within 2 days of the detected emergence of a wave (Ginther et al, 1989c) . The apparent time of the manifestation of follicle selection was coincident with the first significant drop in FSH concen¬ trations. Further study is required to determine whether these two temporal events (drop in FSH concentration and selection of a dominant follicle) are functionally related.
